Abstract. The perturbations on magnetic probe signals, due to current redistribution in current-carrying plasmas, caused by the encasing body of the probe are discussed. Calculations are presented evaluating these perturbations for plane current distributions. and the relevance of this effect is analysed.
Introduction
Magnetic probes are useful tools for sensing magnetic field structures in plasmas, especially in those generated by means of fast electrical discharges. They are inexpensive and relatively simple to construct, and have been widely used in many laboratories. However, when an insulated magnetic probe is immersed into a currentcarrying plasma, several undesirable phenomena take place, which can distort the magnetic field value sensed by the coil, and hence affect the reliability of the registered signal. These phenomena, described in classical texts on plasma diagnostics (Lovberg 1965 , Botticher 1968 , can be grouped into two broad types: effects related to plasma-wall interactions, and effects related to current pattern modifications, caused by the probe's body. This paper will deal with distortions of the latter type, and we will restrict our study to the case of plane, current-carrying plasma sheaths (cs), perpendicularly impinging onto a magnetic probe. This situation has been treated previously by Malmberg (Malmberg 1964) but under the assumption that the cs is infinitely thin.
His results, however valuable, apply only to experimental situations in which the probe diameter is much larger than the cs width. Usually, one is confronted with the opposite situation, and hence a more refined evaluation of the probe perturbation is required. In what follows we will present a simple way of evaluating this perturbation, including a more realistic representation of an actual magnetic probe, which allows for a finite distance between the sensing coil of the probe and the tip of the encasing material. 
Formulation of the problem
In order to develop the problem, let us consider the situation sketched in figure I . A plane, infinite cs of thickness D impinges with a constant velocity V on a fixed magnetic probe. The return current in the external circuit is such that no magnetic field ( E ) exists ahead of the unperturbed cs, so that the component of B in the y direction (By), will have a z profile rising from a null value ahead of the cs to a constant value (Bo) behind the cs. For simplicity, we will consider the problem to be stationary in the frame of reference attached t o the cs, that is, the current density j , will be a function only of the z coordinate (see figure 1 for the coordinate system convention) and V does not change with time.
The magnetic probe is considered to be composed of a n insulating cylindrical body of radius a ended either in a flat or in a rounded tip (depending upon the desired model), and a sensing coil with radius much smaller Figure 1 . Geometry of the problem than a, centred on the axis of the cylinder and displaced a length d from the probe front. The magnetic flux linked by the coil will be, as usual, taken to be proportional to the value of the magnetic field at its centre.
In order to evaluate the perturbed magnetic induction sensed by the coil, we will use the analytical result obtained by Malnlberg. According to his work, if a plane cs of null thickness lying in the (x,y) plane, with an otherwise uniform current distribution flowing in the x direction, is perturbed by making a hole (radius a) in it, centred in the origin, the magnetic induction along the z axis has only a component in the y direction, given by where
It can be seen that the dimensionless growth length of By (10%-90%) is -2; i.e. the magnetic field is significantly perturbed over a characteristic length equal to the diameter of the hole.
A generalization of Malmberg's result t o the case of a thick cs can be made as follows. Let us consider the cs to be composed of differential slabs of width dz, and assume that the probe has gone through the cs a length z,+d (see figure I ). The differential contribution of the slab located in z=z' t o the magnetic induction at the coil position, zc, is where the function M is defined in equation ( I ) and r(z') is the radius of the probe, which is equal to a for a cylindrical probe body, and is given by an adequate function of z' for the rounded tip.
Assuming that the portion of the cs not penetrated by the probe does not contribute to B, at the coil position, the value of By at z = z , can be obtained by integration of expression ( 2 ) between 0 and the probe front, that is is given by a Sort of convolution integral with M . In the next section we will evaluate B(5) from equation (4) for both flat and rounded tips and appropriate current density distributions, in order to show how the probe's body can distort the magnetic field at the coil position, For consistency, the selected current density profiles should satisfy the condition By(z> D)=B,, which implies A non-dimensional 'perturbed' current density, J(t),
will also be given derived from B(5) as J(C)=dB(C)/dt, because, for a piane and stationary cs, this 'current density' is proportional to the voltage registered by the probe.
Examples
We will restrict our study to current distributions given by
elsewhere.
This functional form of J ( [ ) has a gently rising leading edge and a sharply decreasing trailing edge. Such a function has been chosen in order to represent the plasma current distribution one expects to find in cs generated in fast electrical discharge devices (such as plasma focus, some pinches, etc). We have also studied other functional forms for J(() (constant, symmetric parabola, etc), but as they are not likely to occur in experimental situations, and as the results obtained using them d o not add relevant information, they will not be shown here.
In the following examples we will take a hemispherical probe tip (radius a) described in dimensionless form by is displaced from the insulating tip a distance equal to the radius of the probe's body. For comparison purposes, the dimensionless unperturbed magnetic field, &), and J([) are also shown. As can be seen, when the cs thickness is much larger than a (figure2(a)), the perturbed and unperturbed profiles practically coincide, both in amplitude and width. The only noticeable perturbation introduced by the probe is a rounding effect of the trailing edge of the cs in a distance of the order of a. As was to be expected, when A decreases, the probe's perturbation becomes more significant: J broadens also at the leading edge and, consequently, its maximum amplitude diminishes (see figures 2(b) and (c)) .
To illustrate the influence of the distance between The above results show that, besides the eventual introduction of a spurious bump in the registered signal, the main distortion consists in a widening of the signal. In order to properly define widths from an experimental point of view, in what follows we define them as the distance between experimentally discernible points, which we set at 5% of the maximum amplitude value of the corresponding waveform (a small oscilloscope graticule division in a four-large-division maximumamplitude signal). For consistency, this criterion will he also applied to the unperturbed current distribution, because this is the unperturbed measurable limit to compare it with (and not A), These non-dimensional 'experimental' widths, A..p. of the unperturbed current distributions given by expression (6) are found to he given by Acxp%0.81 A.
In figures 5(a) and (b) we present the calculated widenings of the leading (AI) and trailing (A,) edges, and the total widening (AT = AI +A, + AeXJ of J, respectively, as functions of Acxp, for 6=0.5, 1, 1.5 and 2, obtained for the hemispherical-tipped case. Calculations performed with flat-tipped probes yielded essentially the same behaviour, but with slightly larger (0.2-0.3) widenings and mainly in the leading edge. Figure 5(a) shows that AI increases with 6, and strongly decreases with Aexp, becoming essentially negligible for sufficiently wide 
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for 6=0.5, 1, 1.5 and cs. Instead, A, is practically independent of 6 and slightly decreases with A..p. The results shown in figure 5(b) put into evidence that widenings of at least 1.5a should be expected. Also, interpretation of the measured signals when its widths are equal to (or smaller than) 4.5a should he made with caution. A consequence of the described widenings is that a magnetic probe could he unable to adequately resolve the details of a double-peaked CS. In fact, if the dimensionless spatial separation (A) between peaks is smaller than Al+A,, one can expect that smearings of the structure will arise. As an example we have calculated the perturbations arising when using a J distribution composed of two peaks, each one with A = I , and a hemispherical probe tip with 6 = I . The results are shown in figures 6(a) and (b) , corresponding to L = 3 and I, respectively. In the first case ( figure 6(a) ), l.%A,+A,, and the resulting J has two reasonably well separated perturbed distributions of each individual peak. However, the plateau region of B between the two peaks is considerably affected. As long as the peaks become nearer, the separation in J is lost, particularly in the B profile, so that, if an experimenter chooses to register it directly, it will be very difficult to infer a double peak in the real cs structure (see figure 6(b) ). 
Flnal remarks and conclusions
Several simplifying assumptions have been made in order to derive equation (4), which will now be commented upon. The stationary and negligihle coil size assumptions are fairly common, and will not be discussed here. The assumption made concerning the non-perturbation of the current distribution in the parts of the cs not penetrated by the probe requires, however, some discussion.
Most of the experimentally produced travelling cs are preceded by a strong shock (commonly an ionizing shock propagating into a neutral gas), and it is clear that when the shock front reaches the probe tip, a reflected shock is generated, travelling towards the current structure. One can expect that this reflected shock (a bow-shock-like structure) will perturb the current pattern if the current lines are tied to the plasma fluid, that is, if the parameters of the plasma region bounded by the reflected shock and the probe are such as to make the magnetic Reynolds number R , larger than 1 in this region. An evaluation of the detailed structure of the reflected shock is extremely difficult t o make, not only because it depends on the probe geometry and the initial shock speed and plasma parameters, but also because the plasma-wall interaction cannot be limited to a 'bouncing', and heat transfer should also he considered. Anyhow, it is reasonable to assume that, during the time interval in which the cs is penetrated by the probe ( % D / V , typically a few hundreds of nanoseconds), the reflected shock does not detach a significant distance away from the probe's body (that is, a distance of the order of a). Hence, even if R, attains values larger than 1 in the relevant plasma region (heat conduction to the probe wall should oppose that), the net result will be equivalent to a slight increase in the effective size of the probe's body. We note in passing that the heating and subsequent ablation of the probe surface, while diminishing the plasma temperature in the vicinity of the probe, can hardly affect the measurement of the current profile in other ways. In fact, even assuming a free expansion of the ablated material during a few hundreds of nanoseconds, a rough estimate of the distance travelled by the expanding cloud (assuming oxygen atoms with mean energy of 1 eV) yields submillimetric values. Therefore, this process cannot increase the effective size of the probe's body.
Turning now our attention to the results presented in section 3, we can say that large distortions in the measured signals take place when A%I, and their particular form depends on the frontal geometry and the 6 value of the probe employed (which are constructional features). Naturally, the width of a cs is not known a priori and must be derived from the measured signal. Therefore, special caution should be taken with signals yielding spatial extensions of 2-3 times the probe diameter. Glass-encased probes, according to our experience, can hardly be constructed with diameters less than 3 or 4mm. They tend to have 6 values larger than 1 and their tips can have very different curvature radii. It follows then that 'measured' cs widths of as much as 1.2 cm could be misleading. Also, the distortion in the leading edge (which can be as much as a 1.50) can easily lead to wrong conclusions about the relative position of circulating currents and other features of the structure measured separately, i.e. light-emitting zones or plasma density gradients.
Concerning the bumps appearing at the leading edge of J when using a flat-tipped probe, we must note that similar features have been observed in our laboratory in cs measurements during the run-down stage of a plasma focus device (Bilbao et al 1985 (Bilbao et al , 1989 . The geometry of the cs-probe interaction in this situation differs, however, from the one assumed in section 2, mainly because the cs impinges on the probe tilted by a large angle. Hence, the hole bored by the probe is elliptical and, worst of all, the perturbed B should be evaluated off-axis, rendering its calculation a much more complex task. In this context, we are aware of the fact that a plane cs impinging perpendicularly on a probe does not represent many practical situations (cylindrical cs, probes at very large angles, etc), and the perturbations in these situations should be derived accordingly, but we feel that the main features found in the present work will essentially hold in those cases also. Finally, we want to comment on the fact that, at least in a formal way, equation (4) could be used to obtain numerically the real current distribution J ( ( ) from the registered B(C), which is the goal of the measurement.
Unfortunately, this numerical inversion is a very illposed problem, even in the simpler case of a flat-tipped probe (Verkerk 1982, Baker and Brolley 1983) , requiring for its solution rather elaborate inversion techniques, which are currently under development. 
